Objective: Up to 40% of multiple endocrine neoplasia type 1 (MEN1) patients may have adrenal cortical tumors. However, adrenocortical carcinoma (ACC) is rare. The clinical manifestations, prevalence, inheritance and prognosis of ACC associated with MEN1 remain unclear. Here we report the clinical manifestations and prevalence of ACC in patients with MEN1. Design and methods: A retrospective analysis of ACC associated with MEN1 patients at a single tertiary care center from December 2001 to June 2017. Genetic analysis of MEN1 and other ACC associated genes, loss of heterozygosity (LOH) of MEN1 locus, immunohistochemistry staining of menin, P53 and β-catenin in ACC tissue were performed. Results: Two related patients had ACC associated with MEN1. The father had ENSAT stage IV tumor with excessive production of cortisol; the daughter had nonfunctional ENSAT stage I tumor. Both patients carried novel germline heterozygous mutation (c.400_401insC) of MEN1. The wild-type MEN1 allele was lost in the resected ACC tissue from the daughter with no menin staining. The ACC tissue had nuclear β-catenin staining, with heterozygous CTNNB1 mutation of 357del24 and P53 staining in only 20% cells. Conclusions: ACC associated with MEN1 is rare and may occur in familial aggregates.
Introduction
Multiple endocrine neoplasia type 1 (MEN1) is an autosomal dominant disease characterized by the presence of endocrine tumors mainly affecting parathyroid, pituitary and pancreatic islet. Adrenal lesions occur in 20-55% of MEN1 cases and the majority is adrenocortical adenomas or hyperplasia. A small fraction of MEN1 patients developed adrenocortical carcinoma (ACC) (1, 2, 3, 4, 5, 6, 7, 8, 9) . In fact, ACC in general is a rare malignancy with high mortality. Its incidence was 0.7-2.0 cases per million population per year and the overall 5-year survival was only 20-59% (10, 11) . However, most previous reports about ACC associated with MEN1 were case descriptions. The clinical features, prevalence, inheritance and prognosis of ACC associated with MEN1 remain unclear. The molecular pathogenesis of ACC has been associated with the tumor suppressor gene TP53. An unusually high incidence of ACC has been found in children in southern Brazil and a founder germline mutation in TP53 has been found in 78-97% of these children (12, 13) . In addition, ACC occurred in 3-7% of adults and 50-80% of children patients of Li-Fraumeni syndrome, which was caused by germline TP53 mutation (14) . WNT/β-catenin signaling pathway also plays an important role in sporadic adrenocortical tumorigenesis. Activating point mutations of CTNNB1 have been identified in over 25% ACCs (15, 16, 17, 18) . ENC1 and other β-catenin target genes were overexpressed in ACCs (19) . Coincident β-catenin activation and TP53 inactivation predicted poor outcome (20) . In the recently published TCGA, profiles of ACC, TP53 and CTNNB1 mutations were the most common mutations in ACC, and MEN1 was one of the five significantly mutated genes in ACC. Seven percent of tumors harbored inactivating MEN1 mutations (11), consistent with a prior study identifying recurrent somatic MEN1 mutation in ACC (21) . However, the role of MEN1 in ACC tumorigenesis remains to be clarified.
In the current study, we described a MEN1 family with ACC in a cohort of MEN1 patients. Furthermore, we explored the preliminary roles of MEN1 in ACC tumorigenesis and performed a literature review of previously reported cases.
Subjects and methods

Patient
We performed a retrospective analysis of a prospectively collected database of MEN1 patients in our institution (Ruijin Hospital, Shanghai Jiaotong University, School of Medicine). This database included consecutive patients diagnosed with MEN1 according to current clinical practice guidelines recommendations (22) from December 2001 to June 2017. Patients were followed up every three months as part of our institutional protocol. The diagnosis of ACC was based on histological samples evaluated by two independent pathologists. We also performed a comprehensive literature search of PubMed, Ovid MEDLINE and Ovid EMBASE for the terms of adrenocortical carcinoma, adrenal lesion, adrenal and multiple endocrine neoplasia type 1 limited to English publication. The last search in this study was updated in June 2017. This study was approved by the Ethics Committee of Ruijin Hospital, Shanghai Jiaotong University, School of Medicine. Consent has been obtained from each patient after full explanation of the purpose and nature of all procedures used.
DNA isolation and sequencing
Genomic DNA was isolated from peripheral blood sample by using the QIAamp DNA Blood Mini Kit (QIAGEN) and paraffin-embedded tissue by using the QIAamp DNA FFPE Tissue Kit (QIAGEN). Exon 2-10 of the MEN1 gene, coding region of TP53 and exon 3 of CTNNB1 were amplified and analyzed by Sanger sequencing. The primer sequences of MEN1 were previously reported (23) , while the primer sequences of coding sequence (CDS) of TP53 and exon 3 of CTNNB1 are listed in Supplementary Table 1 (see section on supplementary data given at the end of this article).
Loss of heterozygosity assay
Loss of heterozygosity (LOH) analysis was performed using tumor DNA and matched leucocyte DNA. Three short tandem repeat (STR) markers (D11S4946, D11S1983 and D11S4940) were used to determine the region of LOH. MEN1 gene is located between D11S4946 (intragenic in 5′ untranslated region, about 500 bp from MEN1 transcription start site) and D11S1983, transcribing from telomere to centromere. D11S4940 is located approximately 93 kb 5′ of MEN1 gene. The STR markers were amplified by fluorescent carboxyfluorescein (FAM)-labeled primers. The PCR products were resolved on an ABI 3730xl sequencer together with GeneScan 500 LIZ as size marker and quantified with GeneMapper v4.0 (Applied Biosystems). Markers were considered informative if two alleles were detected in normal tissue (peripheral blood leucocytes). LOH is defined as positive if the allele peak ratio is >1.5.
Immunohistochemistry
Formalin-fixed, paraffin wax-embedded tissue was cut into 4 μm-thick sections. Menin protein was stained by the antimenin antibody from Bethyl Laboratories (A300-105A) at appropriate dilution (1:600), as previously described (24 while negative controls were performed by pancreatic neuroendocrine tumors (PNETs) of patient IV:5 (selfcontrol) with known loss expression of menin (somatic sequencing revealed homozygous MEN1 mutation and IHC staining showed absence of menin).
Results
Patient description
A total of 121 patients (68 families) were diagnosed as MEN1 from 2001 to 2017 and 33.9% had adrenal lesion. From those with adrenal lesions, 65.1% were nonfunctional adenomas, 25.6% were adenomas with hypercortisolism, 2.3% were adenomas with aldosteronism, 2.3% were pheochromocytomas and ACCs account for 4.7%. The median age at the diagnosis of adrenal tumors was 44.5 years (34.3-50.8 years) and a nearly equal sex distribution (male: female = 1.05:1). Two cases of ACC in the same kindred were found, providing a frequency prevalence of 1.5% in the overall MEN1 group (the number of MEN1 families with ACC divided by the number of MEN1 families).
The index case was a 51-year-old man (patient III:4) complaining of hypertension and muscle weakness. His hypertension (150/90 mmHg) started 8 months ago. Five months later, he started to have edema and weakness of the lower extremities. Hypokalemia (2.4-3.81 mmol/L) and diabetes (fasting plasma glucose, 10.1 mmol/L and HbA1C, 7.7%) was diagnosed by local community hospital. He was prescribed with antihypertensive drugs, potassium supplement and antidiabetic drugs. He had 3 kg loss during the past eight months. Hypertension and hypopotassium indicated adrenal disease. Physical examination found no sign of Cushing's syndrome. Evaluation of adrenal hormone revealed loss of cortisol rhythm (8:00-16:00-24:00 25.81-25.77-23.82 μg/dL) and elevated urinary free cortisol (UFC) (1287 μg/24 h, normal 21-111 μg/24 h). Overnight dexamethasone suppression test (1 mg ODST) failed to suppress morning cortisol levels (28.5 μg/dL, normal <5 μg/dL). The ODST, in concordance with lower ACTH levels (8.91 pg/mL, normal 12.00-78.00 pg/mL), indicated adrenal Cushing's syndrome. His aldosterone vertical supine position test was normal. Ultrasound revealed a 14 cm mass in the left adrenal gland and renal compression. To exclude malignant diseases, we performed abdominal CT, bone scan and Adrenal carcinoma, bilateral parathyroid adenoma and suspected pancreatic tumors suggested MEN1. MRI of pituitary disclosed microadenoma (Fig. 1C) with normal prolactin, growth hormone, thyroid-stimulating hormone, luteinizing hormone, follicule-stimulating hormone, insulin-like growth factor and insulin-like growth factor-binding protein 3. Genetic testing found a hitherto undescribed heterozygous mutation at codon 97 of MEN1 gene, c.400_401insC (Fig. 2A) .
He was clinically and genetically diagnosed as MEN1 with hyperparathyroidism, ACC and nonfunctional pituitary adenoma. The staging of ACC according to the European Network for the Study of Adrenal Tumors (ENSAT) classification was stage IV and the 5-year survival was only 18% (25, 26) . He received mitotane and succumbed to progressive disease 7 months after diagnosis.
We screened MEN1 c.400_401insC mutation in his kindred and found eight carriers (Fig. 1E ). Three family members had been dead of PNETs before genetic screening. The tumor components of his family members are listed in Table 1 . The proband is the offspring of a consanguineous marriage. Four of the eight mutation carriers were evaluated for MEN1-related tumors and three members were affected by adrenal tumors. Two of which had adrenocortical adenomas (ACAs) and the proband's daughter was affected with ACC as well (Fig. 1E) .
The daughter (patient IV:5) was 27 years old with no complaints. Her blood pressure was 120/70 mmHg and had no symptoms or signs of hypercortisolism.
The preoperative imaging investigation included the following: pituitary microadenoma, hyperplasia of the parathyroid glands, a mass in the junction of body and tail of the pancreas (2.2 × 3.0 cm) and a mass in the right adrenal gland (4 cm × 3.7 cm). ACC was considered because of necrosis, hemorrhage and cyst formation on the CT scan (the Hounsfield units was 34.5 on plain scan and 59.1 on enhanced scan, Fig. 1D ). Both the cortical and the medulla hormone profiles were normal. Neuron-specific enolase was elevated (26.29 ng/mL, normal <17.00 ng/mL). Biochemical measurements revealed elevated serum calcium (2.72 mmol/L) and PTH levels (210 pg/mL). Pituitary hormones, gastrin, glucose and insulin levels were normal. She was diagnosed as MEN1 syndrome with primary hyperparathyroidism, nonfunctional pituitary adenoma, nonfunctional PNET and adrenal tumors, possibly malignant. She received laparoscopic right adrenalectomy. The histological findings included the following: round to oval cells, with scant eosinophilic cytoplasm and moderate to marked nuclear pleomorphism, arranged in a loose growth pattern (Fig. 2B) ; abnormal caryokinesis (>5/50HPF), necrosis and capsular invasion; positive staining of Melan-A, inhibin, CD56, P53 (20%+) and focal cytokeratins (AE1/AE3). Ki-67 proliferation index was 10%. Melan-A and inhibin are the markers of the adrenocortical origin. The positive staining of these two proteins excluded renal cell carcinoma and other histologically similar tumors (27) . The tumor was defined as an adrenocortical carcinoma according to Weiss's criteria with the Weiss score of 7 (on a scale from 0 to 9): high nuclear grade, mitotic rate greater than 5 per 50 high-power fields, atypical mitoses, clear cells comprising 25% or less of the tumor, diffuse architecture (greater than one-third of the tumor), necrosis and invasion of The proband's son (patient IV:3) had an ACA in the left adrenal gland and was resected with PNET. The Weiss score of ACA was 0 and PNET was classified as G2 and the TNM stage was IB. Both ACA and PNET were considered as nonfunctional without hormone excess. He was also affected by nonfunctional pituitary microadenoma and primary hyperparathyroidism. The serum calcium was 2.79 mmol/L (normal range 2.00-2.75 mmol/L) and he did not receive surgery for pituitary and parathyroid. The proband's elder sister (patient III:2) had nonfunctional multiple nodular hyperplasia in bilateral adrenal glands. Pancreatic MRI revealed a PNET (1.5 × 1.3 cm) in her uncinate process of pancreas (TNM stage: IA) and pituitary MRI showed a microadenoma. She did not receive surgery for the adrenal glands, pancreas and pituitary. Besides, she was diagnosed as primary hyperparathyroidism and received subtotal parathyroidectomy + thymectomy with the pathology of parathyroid hyperplasia ( Table 1) .
Analysis of MEN1 and other candidate genes in ACC tissue
ACC tissue was obtained from patient IV:5 during surgery. The resected ACC tissue harbored homogenous frameshift mutation of c.400_401insC in MEN1 gene (Fig. 2A) . The resected ACC also showed LOH of chromosome 11q13, where MEN1 gene was located (Fig. 2E) and menin was negatively stained (Fig. 2C) .
We also analyzed the expression and mutation of TP53 and CTNNB1. We found positive β-catenin staining in the nucleus (Fig. 2D ) and P53 staining in only 20% cells. DNA sequencing revealed a somatic 357del24 mutation of CTNNB1 and no mutation in TP53.
Discussion
In this study, we found ACC can exhibit familial aggregation in MEN1 kindred with novel MEN1 germline mutation. Both alleles of MEN1 gene were damaged in the ACC tissue. By a thorough literature review, we found additional 19 cases of ACC associated with MEN1 from nine reports (Supplementary Table 2 ) (1, 2, 3, 4, 5, 6, 7, 8, 9) . None of the 19 cases were related. To our knowledge, this is the first time a kindred of ACC associated with MEN1 has been reported, proving that ACC can exhibit familial aggregation in MEN1 patients. The pooled prevalence of ACC in MEN1 was 18/1187 (three MEN1-associated ACCs were case reports). The mean and the median age at diagnosis of ACC was 37 and 33 years respectively, younger than sporadic ACC (46-55 years) (32, 33) . Nonfunctional ACC was found in 7/18 (three cases were not available) of the total cases, similar with sporadic ACC (40%) (34) . Functional ACCs can cause feminization (2/11), virilization (4/11), hypercortisolism (4/11) or both virilization and hypercortisolism (1/11). The median tumor size was 7.5 cm (2.8-15.0 cm). Three out of five cases had metastasis. Fourteen patients had germline mutation testing for MEN1 gene and all were positive; 6/14 of the mutation located in exon 2 (Supplementary Table 2 ). Thirteen patients had follow-up data but two of them were unavailable for the ENSAT stage. All patients with stage I and II diseases survived more than 5 years. All stage IV patients died (n = 3) and there were no patients with stage III. Worse prognosis was associated with higher ENSAT stage. Furthermore, worse prognosis was also associated with tumor size larger than 7.5 cm and diagnostic age older than 33 years. Both groups of patients had median survival time as 0.25 (95% CI: 0.25 to 3.00) years, while it had not been reached for those ≤7.5 cm or those ≤33 years (P = 0.0025). The current guidelines do not recommend regular monitoring of the adrenal glands. We therefore recommended annual evaluation of those with preexisting adrenal lesions, especially for patients younger than 33 years old.
The novel germline frame-shift mutation (c.400_401insC) of MEN1 gene was pathogenic because it segregated with MEN1 phenotype: 8/12 mutation carriers were affected by MEN1-related lesions (primary hyperparathyroidism, PNET or pituitary adenoma), the other four mutation carriers refused evaluation due to young age (IV:7, IV:8, V:3, V:4 were 21, 20, 7, 4 years old, respectively) or lack of symptoms; those without MEN1 mutation were free of MEN1 tumor. The affected ninetyseventh amino acid is located in N-terminal domain (NTD), which is highly conserved in evolution. Menin acts as a scaffold protein, interacting with LEDGF (Lens Epithelium-Derived Growth Factor) and MLL1 on the surface of NTD. Mutations located in NTD would decrease LEDGF-Menin interaction, therefore diminishing Hoxc8 expression and leading to tumor formation (35, 36) .
In the current study, we found homozygous mutant MEN1 allele in ACC associated with MEN1 with negative menin protein staining, indicating a possible role of loss function of menin in ACC tumorigenesis. Two major pathways are altered in ACC:β-catenin pathway and p53/Rb signaling. CTNNB1 (16%) and TP53 (16%) were the most common mutant genes (21) . About 30% of β-catenin-activated transgenic mice developed malignant adrenal tumors by 17-18 months. ACCs were absent from the tumor profile of p53-deficient or mutant mice, possibly due to the different physiology between humans and mice (37) . Deletion of exons 8 and 9 of TP53 and a Ser 45 of CTNNB1 mutation in H295R cells and H193Y mutation of TP53 in SW13 cells has previously been described (15, 38, 39) . Consistently, we found the MEN1-associated ACC tissue had nuclear β-catenin staining, with heterozygosis CTNNB1 mutation of 357del24 and P53 staining in 20% cells. Based upon these findings, we suggested that additional events such as altered β-catenin pathway and p53/Rb signaling may be required for malignant transformation. In summary, ACC occurs rarely but can exhibit familial aggregation in MEN1 patients. Regular screening strategies should be recommended for MEN1 patients with a family history of ACC, especially for those younger than 33 years and with adrenal lesion.
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